Throughout the world, 75% of human immunodeficiency virus type 1 (HIV-1) infections are acquired through heterosexual contact (41) . Lesions in the mucosal surfaces of the urogenital tract provide portals of entry for pathogens, such as HIV-1. Physical trauma, damage from other sexually transmitted pathogens (STPs), and a vigorous host immune response compromise the integrity of mucosal surfaces, thereby potentially enhancing susceptibility to infection. Several epidemiologic studies have shown that ulcerative (Treponema pallidum, Haemophilus ducreyi, and herpes simplex virus) (28, 30, 39) and nonulcerative STPs (Neisseria gonorrhoeae, Chlamydia trachomatis, and Trichomonas vaginalis) (7, 11, 12, 27) are associated with increased risk of HIV-1 infection. Moreover, HIV-1 shedding into genital secretions is increased by coinfecting STPs but subsequently returns to baseline after successful treatment (9, 16, 29) . These data suggest that STPs are important cofactors in HIV-1 transmission. However, little is known about the underlying mechanisms involved in the interactions between these pathogens, the host, and HIV-1.
Trichomonas vaginalis is the most common nonviral STP worldwide, reported to have an annual incidence of 170 million cases (44) . T. vaginalis is a flagellated parasitic protozoan that elicits a broad range of clinical symptoms (32, 42) . It is estimated that up to 50% of infected women are asymptomatic (with normal vaginal pH and flora) (15, 43) , with about one third of these women developing symptoms within 6 months (35) . In acute symptomatic infections, clinical manifestations can include punctate hemorrhagic spots on the vaginal and cervical mucosa and yellow-green discharge (5, 8, 43) . In chronic infections, symptoms are milder and may include itching and pain during sexual intercourse (35) . Trichomoniasis has also been associated with cervical cancer (48) , atypical pelvic inflammatory disease (20) , and infertility (19) . Pregnant women with T. vaginalis infections are predisposed to premature rupture of the placental membranes, premature labor, and low-birth-weight babies (10) . Men generally remain asymptomatic and are classified as carriers, although some develop urethritis (22, 23) and prostatitis (24, 31) .
Given the worldwide distribution of T. vaginalis, data suggesting an epidemiologic link with HIV-1, and their similar routes of transmission, the effects of trichomoniasis on the urogenital tract in relation to HIV-1 bear further study. The objectives for this study were to determine whether T. vaginalis affects the integrity of urogenital epithelial cells, thereby removing a barrier to HIV-1 transmission, and to determine whether coinfection with T. vaginalis influences HIV-1 replication in the underlying immune cells of the urogenital tract.
MATERIALS AND METHODS
Cell lines, viral isolates, and Trichomonas vaginalis strains. Primary prostate epithelial cells (PrEC) and ectocervical epithelial cells (CerEC) were purified from normal tissues negative for HIV-1 and hepatitis B and C viruses (BioWhittaker, San Diego, CA) and grown as previously described (13) . The CerEC medium was supplemented with 0.4 mM CaCl 2 to permit the formation of intercellular cadherin and desmosomal junctions (18, 38) when the cells were plated in transwells (see below). Due to inconsistent growth of the primary epithelial cells (which is typical of all primary cells), the endometrial epithelial cell line, HEC1A, was also utilized. The HEC1A epithelial cell line, known to stratify and form a monolayer on transwell supports, was obtained from the American Type Culture Collection (Manassas, VA) (26) . HEC1A cells were grown in McCoy's 5A medium (Invitrogen Corp., Carlsbad, CA) supplemented with 10% heat-inactivated fetal bovine serum, 100 U/ml penicillin, 100 g/ml streptomycin, and 100 mM L-glutamine. Normal human peripheral blood mononuclear cells (PBMCs) were obtained by leukophoresis from HIV-1-negative blood donors, purified by differential centrifugation, and stored in the gas phase of liquid nitrogen until needed. PBMCs were maintained in Cellgro serum-free medium (Mediatech, Inc., Herndon, VA) supplemented with 100 U/ml penicillin, 100 g/ml streptomycin, and 2 mM L-glutamine. For HIV-1 infection, CD8 ϩ cells were depleted from PBMCs using anti-CD8-conjugated magnetic beads (Dynal, Lake Success, NY) according to the manufacturer's instructions. Epithelial cell lines, primary cells, and PBMCs were maintained at 37°C in an incubator with 7% CO 2 .
The syncytium-inducing, tissue culture-adapted isolate HIV-1 LAI was obtained from stocks at the Centers for Disease Control and Prevention. The non-syncytium-inducing, tissue culture-adapted isolate HIV-1 Ba-L was obtained from Advanced Biotechnologies, Inc. (Columbia, MD).
A variety of T. vaginalis isolates were assessed for their effects on urogenital epithelial cells and ability to induce HIV-1 replication. Two laboratory isolates of T. vaginalis, Balt42 and JH31 (21, 25) were obtained from the American Type Culture Collection (Manassas, VA). In addition, primary isolates (Tv1 to Tv4) obtained from patients attending a sexually transmitted disease clinic in the area of Atlanta, Georgia, were evaluated. Two of these isolates were obtained from wet-mount-positive patients with an asymptomatic presentation (Tv1 and Tv2), and two isolates (Tv3 and Tv4) were obtained from patients with cervicitis and vaginal discharge (40) . T. vaginalis isolates were maintained in Diamond's modified Trypticase-yeast-maltose medium (TYM) supplemented with 10% heatinactivated fetal bovine serum at 37°C. The trichomonads were in culture no more than 10 weeks prior to evaluation in the assays described below.
Measurement of polarized epithelial monolayer and passage of HIV-1. PrEC and CerEC were plated at 5 ϫ 10 5 cells/well in a 10-mm transwell plate (membrane porosity, 3.0 m) (Corning Inc., Corning, NY). HEC1A epithelial cells were plated at 2.5 ϫ 10 5 cells/well in a 6.5-mm transwell plate (membrane porosity, 0.4 m; collagen-coated) (Corning Inc.). Resistance across the membrane was measured daily with a Millicell-ERS resistance system (Millipore Corp., Bedford, MA). After transepithelium resistance (TER) plateaued, washed trichomonads were suspended in epithelial cell culture medium and added to the apical side of the transwell cultures. Resistance was measured over time and expressed as ohms ϫ cm 2 minus the medium alone background resistance and presented as the percentage of resistance at time zero. In some experiments, HIV-1 Ba-L at a multiplicity of infection of 0.5 with or without trichomonads was added to the apical side of the HEC1A transwells. The basolateral supernatant was tested for the presence of HIV-1 using a p24 gag enzymelinked immunosorbent assay (ELISA) kit (Coulter Corp., Miami, FL).
Effects of T. vaginalis on HIV-1 infection and cytokine production. Normal PBMCs were infected with HIV-1 LAI at a multiplicity of infection of 0.01 using a resting, CD8-depleted acute infection model described previously (14) , with the exception of using serum-free medium. T. vaginalis strains were centrifuged, suspended in serum-free mammalian culture medium, and added at the indicated concentrations at the time of infection. Supernatants from the infected cultures were harvested and replenished with fresh medium every other day. Culture supernatants were assayed for HIV-1 replication using a p24 gag ELISA kit (Coulter Corp.) and for tumor necrosis factor alpha (TNF-␣) levels with a human TNF-␣ ELISA kit (R&D Systems, Minneapolis, MN) according to the manufacturer's specifications. To evaluate the role of TNF-␣ in enhancing HIV-1 infection in this system, a parallel experiment was performed with the addition of neutralizing anti-TNF-␣ monoclonal antibody (10 g/ml; R&D Systems) or with an isotype control monoclonal antibody (10 g/ml; R&D Systems). The percent decrease in p24 production was determined.
T. vaginalis-induced PBMC proliferation and activation. Proliferation was assessed by [ 3 H]thymidine uptake in 2 ϫ 10 5 CD8-depleted PBMCs cultured in serum-free medium along with T. vaginalis. The cells were cultured for 5 days at 37°C in 7% CO 2 and labeled with 0.5 Ci/well [ 3 H]thymidine for 18 h prior to harvest. Incorporated counts per minute were determined using a Matrix 96 direct beta counter (Packard Instruments Co., Downers Grove, IL). Assays were performed in triplicate, and average counts per minute was determined for treated and control cultures. Proliferation was reported as a stimulation index (SI) using the formula: SI ϭ counts per minute in treatment wells/wells with PBMCs alone.
The expression of cellular activation markers and chemokine receptors was assessed by flow cytometry on CD8-depleted PBMCs cultured with the T. vaginalis isolates. On day 2 of culture, cells were collected and stained with peridininchlorophyll protein-anti-CD3, fluorescein isothiocyanate-conjugated anti-CD4, and either phycoerythrin (PE)-conjugated anti-HLA-DR, PE-conjugated anti-CD69, PE-conjugated anti-CCR5, PE-conjugated anti-CXCR4, or isotype control antibody. All monoclonal antibodies were obtained from BD Pharmingen, San Jose, CA. Forward and side scatter were used to ascertain the lymphocyte population. A FACScan (BD Pharmingen) was used to collect 10,000 events, and the samples were analyzed for activation marker or chemokine receptor expression by gating on CD3 ϩ /CD4 ϩ cells using Cell Quest software (BD Pharmingen). Statistical analysis. Statistical analyses were performed with InStat version 3.0 (GraphPad Software, Inc., San Diego, CA). To determine whether there were significant differences between group means, nonparametric Kruskal-Wallis analysis of variance followed by Dunn's multiple comparisons after the statistical tests were performed. Evaluation of correlations was performed using nonparametric Spearman's rank analysis.
RESULTS

Effect of T. vaginalis on epithelial monolayer integrity. T.
vaginalis isolates are cytotoxic to urogenital epithelial cells (1, 2, 17, 34, 37) . To determine whether T. vaginalis isolates also affect the integrity of polarized monolayers of urogenital epithelial cells, PrEC, CerEC, and HEC1A cells were cultured on transwell supports. After TER plateaued, T. vaginalis strains were added. By 4 h after addition of either T. vaginalis isolate Balt42 or JH31, the integrity of a PrEC monolayer was affected, as demonstrated by a reduction in the monolayer TER (Fig. 1A) . After 18 h, the PrEC monolayer was completely breached by Balt42. JH31 caused approximately 50% reduction in TER across the monolayer by 18 h. The stratified CerEC integrity was minimally affected by either T. vaginalis strain after 4 h (Fig. 1B) . After 18 h, the integrity of the stratified CerEC was eliminated with both Balt42 and JH31 at a ratio of one protozoan to four epithelial cells. However, the more dilute Balt42 affected the CerEC monolayer only minimally, while the more dilute JH31 reduced TER by approximately 50% after 18 h. Using the endometrial epithelial cell line HEC1A, a reduction in TER across the polarized HEC1A monolayer was seen by 24 h and resistance was Ͻ20% by 72 h after the addition of Balt42 and JH31 cells at a ratio of one protozoan to five epithelial cells (Fig. 2A) . Motile parasites could be observed at all time points. These findings were extended using T. vaginalis isolates obtained from symptomatic and asymptomatic patients. T. vaginalis isolates Tv3 and Tv4 reduced the HEC1A TER to levels similar to those of Balt42 and JH31 by 48 h. However, T. vaginalis isolates Tv1 and Tv2 reduced the HEC1A TER Յ50% by 72 h. Because cell disruption was observed among the three epithelial cell types using the low parasite to epithelial cell ratio, further evaluation was done using HEC1A cells.
Effects of T. vaginalis on HIV-1 passage through epithelial monolayers. While T. vaginalis was shown to disrupt the integrity of urogenital epithelial cells in a time-and dose-dependent manner, these experiments were unable to determine whether perforations caused by T. vaginalis allowed HIV-1 to cross the monolayer. After HEC1A cells reached a plateau TER, HIV-1 with or without T. vaginalis strains was added to the apical side of the cultures. Changes in the resistance across the monolayer were monitored over time, and the basolateral supernatants were assayed for HIV-1 p24
gag . As the monolayer TER was diminished by the Balt42 and JH31 strains ( Fig. 2A) , HIV-1 p24 levels increased in the basolateral compartment such that by 48 h after addition of HIV-1, p24 levels were 4-to 4.6-fold higher than background (Fig. 2B) . Similarly, Tv3 and Tv4 isolates caused a complete disruption of the HEC1A monolayer with a concurrent four-to fivefold rise in basolateral HIV-1 p24 levels over background (P Ͻ 0.05) (Fig. 2B) . In contrast, Tv1 and Tv2 isolates induced much lower monolayer disruption, coinciding with basolateral HIV-1 p24 levels that were not significantly different from background. Collectively, these data show that maintenance of the TER was inversely proportional to the amount of virus present in the basolateral supernatant (Fig. 2C ) (Spearman rank correlation of r ϭ Ϫ0.88 [P Ͻ 0.0001]).
T. vaginalis activates immune cells and results in HIV-1 replication via a TNF-␣ pathway.
Because infectious virus could pass through breached epithelial layers, the effect of T. vaginalis on HIV-1 replication was studied. T. vaginalis isolates were cocultured with HIV-1-infected PBMCs using a previously described acute, resting CD8-depleted infection model (14) . HIV-1 replication increased over time to a greater extent in cultures containing trichomonads than in the cultures that contained virus alone (Fig. 3A) . In contrast to the monolayer disruption studies where differences were observed between T.
vaginalis isolates Tv1 and Tv2 compared to isolates Tv3 and Tv4, all isolates induced similar levels of viral replication. For all isolates, a significant difference could be observed by day 8 after initiation of coculture compared to the day 8 HIV LAIonly culture (P Ͻ 0.05).
To investigate the mechanism(s) involved in the induction of HIV-1 replication, T. vaginalis isolates were evaluated for induction of TNF-␣ production by PBMCs. TNF-␣ production induced by other protozoan parasites has been shown to promote HIV-1 replication in PBMCs (45, 46) . Culture supernatants were obtained from CD8-depleted, resting, HIV-1-infected PBMCs with or without the addition of T. vaginalis laboratory or primary isolates. Elevated levels (two-to fourfold) of TNF-␣ were detected in all culture supernatants compared with virus alone at each time point (Fig. 3B) . To evaluate whether TNF-␣ was directly involved in HIV-1 induction, a neutralizing monoclonal antibody was used to block its effect. Addition of anti-TNF-␣ antibody significantly blocked Ͼ50% of the HIV-1 replication in cultures containing T. vaginalis (P Ͻ 0.05), while the isotype control antibody did not reduce HIV-1 replication (Table 1 ). This result indicates that induction of virus replication was in part due to TNF-␣ resulting from the presence of parasite. To assess other responses that could promote non-TNF-␣-induced HIV-1 replication, the abilities of trichomonads to stimulate nonspecific cellular activation and proliferation were tested. Coculture of T. vaginalis with PBMCs from healthy donors induced CD69 (approximately 30-fold) and HLA-DR (2-to 3-fold) cell surface expression but did not affect CCR5 or CXCR4 cell surface expression (data not shown). Similarly, parasites induced PBMC proliferation at a ratio of one trichomonad to four PBMCs. Peak proliferation (stimulation index of Ͼ12) was noted at a 1:16 parasite-to-PBMC ratio and returned to baseline at a ratio of 1:256. Collectively, these data show that T. vaginalis induces HIV-1 replication through TNF-␣ production, with concomitant cellular activation and proliferation that may contribute to the increased viral production.
DISCUSSION
Worldwide, trichomoniasis is the most common nonviral STP and has been implicated in the transmission of HIV-1 (7, 27) . Previous studies have shown that pathology associated with T. vaginalis infection is due to contact-dependent cytotoxicity of cervical cell lines and primary vaginal epithelial cells (1, 17) . Because trichomoniasis infection can lead to ectocervicitis in women (20) and can lead to urethritis and prostatitis in men (22) (23) (24) 31) , the interactions between T. vaginalis isolates and primary epithelial cells and cell lines were examined. First, T. vaginalis isolates were shown to disrupt the monolayer integrity of primary CerEC and PrEC as well as the endometrial cell line HEC1A. Perforations of the polarized epithelial monolayer allowed passage of HIV-1 through the monolayer. Second, T. vaginalis isolates were shown to activate PBMCs, as evidenced by an increase in HIV-1 replication in infected PBMCs, and this activation occurred in part through a TNF-␣ pathway. Collectively, the results presented here suggest two discrete explanations for the association of T. vaginalis infection with the dissemination and transmission of HIV-1 in infected persons.
The intact epithelial lining provides a protective, mechanical barrier against environmental pathogens. Multiple layers of stratified, squamous epithelial cells cover the vagina and ectocervix, while the prostate and uterus are lined with a single layer of simple columnar epithelial cells that form tight junctions. While differences were noted in the responses of primary epithelial cells and the HEC1A cell line monolayer, coincubation of these monolayers with the T. vaginalis laboratory isolate Balt42 or JH31, as well as primary isolates obtained from women with symptomatic infections, resulted in disruption of monolayer integrity. Interestingly, primary isolates of T. vaginalis obtained from women with asymptomatic infections induced less epithelial monolayer disruption. This finding could a HIV-1 p24 levels (pg/ml) were measured on day 6 of culture. Some cultures were treated with 10 g/ml of anti-TNF-␣ antibody or an isotype control monoclonal antibody. Anti-TNF-␣ monoclonal antibody-treated cultures had significantly reduced HIV p24 levels (P Ͻ 0.05) compared to the untreated cultures, while the isotype control monoclonal antibody-treated cultures did not exhibit reductions in the level of HIV-1 p24. Data presented are representative of two independent experiments. explain the clinical observations of punctate lesions associated with some trichomonas infections but absent in others (15, 43) . However, it is possible that host factors also contributed to the clinical presentation noted in the infections from which the recent isolates were obtained. Thus, further research with more isolates would be useful to solidify the observation that isolates from women with symptomatic infections cause more damage to epithelial monolayers than the isolates obtained from women with asymptomatic infections.
T. vaginalis strains Balt42, JH31, Tv3, and Tv4 compromised the intact monolayer and enhanced the concentration of virus in the basolateral supernatants of the transwell. Recently, HIV-1 was shown to attach to trichomonads in vitro (36) . If this were to occur in vivo, HIV-1 could be carried along with trichomonads as they permeate through the epithelium to the underlying tissue and possibly have a better opportunity to infect the local immune cells. Perturbations in the epithelial lining would ultimately allow infectious virus to reach the underlying lamina propria that is rich in HIV-1 targets. Collectively, these data suggest that infection with T. vaginalis can lead to epithelial cell death and the breakdown of the epithelial lining, allowing trichomonads and HIV-1 the opportunity to interact with underlying immune cells in the lamina propria.
The lamina propria is rich in immune cells, serving as a fertile target area for HIV-1 infection. T. vaginalis induced resting lymphocyte activation and replication and the production of proinflammatory cytokines. Recent work showed that induction of proinflammatory cytokines, specifically TNF-␣, by vaginal washes from T. vaginalis-infected women was through cells expressing Toll-like receptor 4 (i.e., leukocytes) (47) . If these cells become infected with HIV-1, T. vaginalis also may exacerbate viral replication. Proinflammatory cytokines play a central role in up-regulating HIV-1 replication. Previous studies showed that TNF-␣ and interleukin 1␤ induced HIV-1 from latency (6, 33) . Moreover, several infectious diseases up-regulate HIV-1 replication through the TNF-␣/NF-B pathway. Specifically, Plasmodium falciparum and Cryptosporidium parvum induce HIV-1 replication through the induction of TNF-␣ in primary PBMCs (45, 46) . Salmonella enterica serovar Typhimurium and Leishmania donovani also activate HIV-1 replication in chronically infected cell lines through the induction of TNF-␣ (3, 4). All T. vaginalis isolates induced HIV-1 replication and TNF-␣ production in culture independent of their ability to disrupt the epithelial monolayer. Blocking TNF-␣ inhibited replication by Ͼ50%. These data indicate that TNF-␣ induction is, in part, responsible for increased levels of HIV-1 in a trichomonad coinfection; however, since the decrease in viral replication was not complete, it would suggest that other mechanisms of T. vaginalis-associated HIV-1 viral replication exist. Indeed, we have previously shown that clinical Mycobacterium avium isolates induce HIV-1 replication through a process not associated with inflammatory cytokines (14) . Further, data showed that incubation of T. vaginalis with PBMCs resulted in activation and proliferation in PBMCs that were not specific for trichomonas antigens, emphasizing a generalized activation possibly through the innate immune response via cells expressing Toll-like receptor 4.
We have described two possible mechanisms for T. vaginalis in promoting sexual transmission of HIV-1. Contact with T. vaginalis damages the epithelium, the primary line of defense against infection, causing cytotoxicity and epithelial cell disruption, and allowing HIV-1 access to underlying immune cells. Trichomonads also induce HIV-1 replication through cytokine pathways, such as TNF-␣. We found it intriguing that there was variability in the effects of isolates on epithelial cell disruption and HIV-1 translocation, while the effects on TNF-␣ production and HIV-1 replication were similar among all isolates. Our data provide two mechanistic explanations for the role that T. vaginalis may have in the epidemiologic observation that trichomoniasis is associated with the enhanced sexual transmission of HIV-1. One or both of these mechanisms may lead to T. vaginalis-infected patients being more susceptible to HIV-1 infection. Augmented viral replication in coinfected patients would make them more likely to infect their sexual partners, thereby increasing HIV-1 transmission. Together, these findings suggest a need for improved testing and treatment of T. vaginalis infections and further evaluation of their possible effect on the sexual transmission of HIV-1.
